SORs (superoxide reductases) are enzymes involved in bacterial resistance to reactive oxygen species, catalysing the reduction of superoxide anions to hydrogen peroxide. So far three structural classes have been identified. Class I enzymes have two ironcentre-containing domains. Most studies have focused on the catalytic iron site (centre II), yet the role of centre I is poorly understood. The possible roles of this iron site were approached by an integrated study using both classical and fast kinetic measurements, as well as direct electrochemistry. A new heterometallic form of the protein with a zinc-substituted centre I, maintaining the iron active-site centre II, was obtained, resulting in a stable derivative useful for comparison with the native all-iron from. Second-order rate constants for the electron transfer between reduced rubredoxin and the different SOR forms were determined to be 2.8 × 10 7 M −1 · s −1 and 1.3 × 10 6 M −1 · s −1 for SOR Fe(IIII)-Fe(II) and for SOR Fe(IIII)-Fe(III) forms respectively, and 3.2 × 10 6 M −1 · s −1 for the SOR Zn(II)-Fe(III) form. The results obtained seem to indicate that centre I transfers electrons from the putative physiological donor rubredoxin to the catalytic active iron site (intramolecular process). In addition, electrochemical results show that conformational changes are associated with the redox state of centre I, which may enable a faster catalytic response towards superoxide anion. The apparent rate constants calculated for the SOR-mediated electron transfer also support this observation.
INTRODUCTION
Oxygen is one of the most abundant elements in biology. In its ground state, O 2 is a triplet, whereas most of its reactants are singlets, leading to spin-forbidden processes. Thus reactions between molecular oxygen and other molecules should be kinetically unfavourable, requiring large activation energies [1] . Over the years, biology has overcome this problem by using transition metals, such as iron, for pairing electrons in a process called 'oxygen activation' [2] [3] [4] [5] . This complementarity enables oxygen to participate in biological cycles, but can also lead to the formation of ROS (reactive oxygen species). Owing to this behaviour, a large protection mechanism is required in order to overcome the possible lethal effects of the reactive species formed in the cell.
Since the early 1990s, several reports of new classes of non-haem iron protein isolation and characterization have been published [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, only in 1999 was the real function of some of these proteins assigned [17] . The so-called SORs (superoxide reductases) revealed a new way to reduce, by one electron, the superoxide anion to hydrogen peroxide (eqn 1), instead of the well-known reaction of dismutation (eqn 2), performed by SODs (superoxide dismutases) [17, 18] .
This capability has enormous biological relevance if we consider that the majority of these SOR proteins were first purified from anaerobes, giving them the skills to survive in small amounts of both oxygen and its reaction products [7, 9, 10] . SORs are usually divided into three classes, according to the number of iron centres (two irons per protein monomer for class I and one iron per monomer for class II and III SORs) and primary structure (the presence of an extra N-terminal domain) [19] . Centre I contains an iron atom co-ordinated by four cysteine residues {[Fe(S-Cys) 4 ]} in a way similar to the one identified in desulforedoxin [20, 21] , whereas centre II has an iron atom coordinated by four histidine residues in the equatorial plane and one cysteine residue in the axial plane {[Fe(S-Cys)(N-His) 4 ]} [9, 10, 19, 22] .
Class I SORs were first isolated by Moura et al. [10] from the sulfate-and nitrate-reducing bacteria Desulfovibrio desulfuricans A.T.C.C. 27774 [10] . This dimeric protein (two monomers of 14 kDa each) can have three different oxidation states, fully reduced (both centres in the reduced form), half-reduced (centre I in the oxidized form and centre II in the reduced form) and fully oxidized (both centres in the oxidized form). The UV-visible spectrum of the half-reduced form is dominated by maxima at 495, 368 and 279 nm, whereas in the fully oxidized form the UVvisible spectrum shows additional bands at 335 and 635 nm. The fully reduced form has no absorption bands in the visible region of the spectrum. The EPR spectrum of the half-reduced form shows a set of resonances (g = 7.7, 5.7, 4.1 and 1.8) characteristic of a high-spin ferric ion (S = 5/2) with an E/D value of 0.08, whereas the fully oxidized form has additional resonances at g = 4.3 and 9.6. Mössbauer spectroscopy clearly indicated the presence of two high-spin iron centres, where the component attributed to centre II is characteristic of a high-spin ferric ion with an E/D of approximately one-third [7, 10] .
The class II SOR was first isolated and described by Chen et al. [9] in 1994, from the sulfate-reducing bacterium Desulfovibrio gigas. In a similar manner to class I SORs, this is also a dimeric protein with 14 kDa per monomer; however, in this case, these proteins only have one iron per monomer, similar to centre II of class I SORs {[Fe(S-Cys)(N-His) 4 ]}. Also, the N-terminal domain of this class of proteins does not present the cysteine motif that co-ordinates the iron atom in centre I of class I SORs. The EPR spectrum of the oxidized form (S = 5/2) of these proteins shows a pH-dependence with E/D values of 0.06 for lower pH values and more rhombic conformations, and E/D ≈ 0.33 for the highest pH values. The UV-visible spectrum exhibits pH-dependent absorption bands with pKa ≈ 9.6 and maxima ranging from 660 and 600 nm, from lowest to highest pH values [9, 23] .
An analysis of the Treponema pallidum genome revealed a gene highly homologous with the class I SOR with two domains, named class III SOR. However, in this case, domain I lacked three of the four cysteine residues responsible for the centre I iron-binding site. The gene product expressed in Escherichia coli had a molecular mass of approximately 14 kDa per monomer, and the EPR and Mössbauer features are similar to centre II of the class I SOR. Enzymatic studies revealed that this protein was able to reduce superoxide anion to hydrogen peroxide, and that rubredoxin, isolated from the same organism, is capable of donating electrons to SOR [12, 16, 24] .
Extensive studies on the catalytic mechanism of the three enzyme classes have been reported over the last 10 years, in particular on class I SORs isolated from many bacteria and archaea, such as Desulfovibrio vulgaris strain Hildenborough, D. desulfuricans A.T.C.C. 27774, Desulfoarculus baarsii and Archaeoglobus fulgidus [13, 14, [25] [26] [27] [28] .
In 2000, Ascenso et al. [29] published the cloning of two engineered constructs, expressed separately in E. coli. The Nterminal domain (DfxN) consisted of the first 39 amino acids from D. vulgaris Hildenborough SOR that resembles D. gigas desulforedoxin. The C-terminal domain consisted of the last 92 amino acids of D. vulgaris Hildenborough SOR (DfxC). Both recombinant fragments were able to bind iron, despite the fact that, in DfxC, the iron showed a labile behaviour. Biochemical and spectroscopic features of DfxN and DfxC have properties similar to desulforedoxin and centre II of class I SORs respectively. The authors also tested the reaction of DfxC with superoxide, but there was no evidence of reduction. This was related to the possible loss of iron in the catalytic centre [29] .
In a different study, Kurtz and co-workers [30] reported a 2Fe-SOR mutant, C13S, from D. vulgaris Hildenborough. This protein revealed spectroscopic features similar to those previously described for centre II of class I SORs. This mutant also revealed similar behaviour when reacted with superoxide, indicating that rubredoxin efficiently donates electrons to centre II. However, as in DfxC, the C13S mutant is also less stable than the wild-type form [30] .
In the present study we propose to characterize not only the biological relevance of centre I in the class I SORs (as a putative redox centre), but also its role in the enzyme mechanism. The iron atom located at centre I was replaced by a zinc atom, making it unavailable for electron transfer. We demonstrate the differences in catalytic activity of the protein when only one or both centres are present, and also characterize the direct electron-transfer pathways between the SOR and the common accepted physiological electron donor rubredoxin [24, 26, 31] . Several techniques, such as UV-visible, stopped-flow, EPR and also direct electrochemistry, were used to accomplish the biochemical and spectroscopic characterization.
EXPERIMENTAL

Chemicals
Bovine Cu,Zn SOD, bovine milk xanthine oxidase, xanthine, horse heart cytochrome c, LB (Luria-Bertani) medium, ampicillin, IPTG (isopropyl β-D-thiogalactopyranoside), DNAse and sodium hexachloroiridate were purchased from Sigma-Aldrich. All buffers were from Merck. Competent E. coli BL21(DE3) cells were purchased from Stratagene. All of the reagents used were of analytical grade or higher.
Overexpression and purification of recombinant D. vulgaris Hildenborough rubredoxin D. vulgaris Hildenborough rubredoxin was overexpressed and purified to homogeneity following a modified protocol from one published previously [24, 31] (described in the Supplementary Experimental section at http://www.BiochemJ.org/bj/438/ bj4380485add.htm).
Overexpression and purification of recombinant D. gigas desulforedoxin D. gigas desulforedoxin was overexpressed and purified to homogeneity following a protocol modified from one published previously [20] (described in the Supplementary Experimental section).
Overexpression and purification of recombinant D. vulgaris Hildenborough 2Fe-SOR
Production of recombinant D. vulgaris Hildenborough 2Fe-SOR followed a protocol modified from one published previously [29, 31] . In the present study, the cell culture was allowed to grow at 310.15 K at 230 rev./min until its D at 600 nm was near 0.8 in M9 medium containing 0.1 mg/ml ampicillin and 0.1 mM FeCl 2 . At this time, 1 mM IPTG and 0.1 mM FeCl 2 were added and the culture was able to grow for approximately 14 h at room temperature (between 293.15 and 298.15 K) at 230 rev./min. The fraction containing 2Fe-SOR was collected as described for D. vulgaris rubredoxin. Two consecutive ionexchange chromatographic steps (DEAE-Sepharose FF ® and Q-Sepharose FF ® ; GE Healthcare) were applied. The fractions collected were analysed by UV-visible and SDS/PAGE, and pooled according to their purity. With this procedure it was possible to collect a final fraction containing SOR with a purity ratio of 6.2 (A 280 /A 490 ). All of these purification steps were performed at 277.15 K and pH 7.6.
Overexpression and purification of recombinant D. vulgaris Hildenborough Zn/Fe-SOR
For D. vulgaris Hildenborough Zn/Fe-SOR, the procedure was similar to the one described for 2Fe-SOR, although, in this case, both at the beginning and at the time of induction, 0.1 mM FeCl 2 and 0.1 mM ZnCl 2 were added to the culture. The same chromatographic steps used for 2Fe-SOR were used, and it was possible to collect a final fraction containing the pure Zn/Fe-SOR form with a purity ratio of 21 (A 280 /A 644 ).
Metal content and protein quantification
Metal content was determinated by induction-coupled plasma emission (Lab. de Análises, Dept. Química, CQFB/REQUIMTE, FCT/UNL). The protein concentration was determined using the Lowry assay with BSA as a protein standard [32] .
The concentration of protein solutions were also determined spectrophotometrically using the reported molar absorption coefficients, ε 490nm = 6.9 mM −1 · cm −1 for D. vulgaris rubredoxin, ε 502 nm = 4.3 mM −1 · cm −1 for D. vulgaris SOR Fe(III)-Fe(II) , ε 645nm = 1.9 mM −1 · cm −1 for D. vulgaris Zn/Fe-SOR and ε 502nm = 4.6 mM −1 cm −1 for D. gigas desulforedoxin.
Direct electron-transfer experiments
Stopped-flow experiments were performed using a Bio-Logic SFM-300/S apparatus coupled with a MOS-250 optical system. All of the experiments were performed in anaerobic conditions in a glove box (UNILab, MBraun, less than 1 p.p.m.). All assays were performed in 50 mM phosphate buffer at pH 7.6 with 0.1 mM EDTA at 283.15 K. To perform the experiments, both rubredoxin and SOR were degassed in a Schlenk line before transfer to the glove box. Rubredoxin was then reduced with a slight excess of sodium dithionite. The SOR Fe(III)-Fe(II) form was obtained by incubating As-purified SOR with a slight excess of ascorbic acid. The SOR Fe(III)-Fe(III) and Zn/Fe-SOR forms were prepared with an excess of sodium hexachloroiridate (IV) in order to obtain the fully oxidized form. Excess reagents (oxidants and reductants) were removed using a 5 ml HiTrap TM (GE Healthcare) desalting column. The data was best fitted with a second-order rate constant with [Rd] 0 = [SOR] 0 , where [Rd] ox is the amount of oxidized rubredoxin, [Rd] 0 and [SOR] 0 are the initial concentration of reduced rubredoxin and oxidized SOR respectively and k = k [Rd red ] 0 , were k is the second-order rate constant [26, 33] .
Spectroscopic and kinetic characterization
Absorption spectra were collected with a Shimadzu UV-2101PC spectrophotometer, connected to a computer. Superoxidemediated electron-transfer assays were performed in a similar way (see the Supplementary Experimental section) as that previously published by Auchère et al. [31] at 296.15 K with a Hewlett-Packard 8452A diode-array spectrophotometer. Data was fitted assuming that the reaction rate was proportional to the concentration of the reagents and a kinetic constant k. The concentration of both rubredoxin and superoxide used were significantly larger than SOR and so considered constant at t = 0. The equation obtained was as follows:
where k is
The value for v 0 was obtained directly from the experimental data and plotted against the corresponding amount of SOR.
EPR spectroscopy
EPR spectra were recorded on a Bruker EMX spectrometer equipped with a dual-mode cavity and an Oxford Instruments continuous flow cryostat. The experimental conditions used were: temperature 4.1 K, microwave frequency 9.653 GHz, microwave power 2.002 mW, modulation amplitude 1 mT, and receiver gain 1.26 × 10 5 . 
Electrochemical studies
The potentiodynamic measurements were performed with a Potenciostat/Galvanostat μAUTOLAB Type II. A glassy carbon disk (4 mm diameter) and a gold disk (3 mm diameter) were the working electrodes. The counter electrode was a platinum wire and an SCE (saturated calomel electrode) was used as a reference. The working electrodes were previously polished with 1.0 and 0.3 μm alumina and immersed in Millipore water in an ultrasound bath for 5 min and finally thoroughly rinsed with Millipore water. The proteins were immobilized on the electrode using a cellulose membrane (Spectra/Por dialysis membrane, 3500 Da cut-off) that was fitted to the electrode with an o-ring, to obtain a thinlayer regime. The supporting electrolyte was 10 mM Tris/HCl buffer (pH 7.6), 0.1 M KNO 3 and 20 mM MgCl 2 . The protein concentrations ranged from 150 to 300 μM. For each assay, 10 μl of protein solution was used. In the membrane, together with the protein solution, 2 μl of 2 mM neomycin sulfate was added for the assays with the GC electrode. The gold electrode was previously conditioned for 5 min in 1 mM 4,4 -dithiodipyridine solution. Figure 1 shows a UV-visible spectrum of the SOR Zn(II)-Fe ( Further spectroscopic characterization of SOR Zn(II)-Fe(III) was performed by EPR in order to compare with the signals obtained for the iron-only form, SOR Fe(III)-Fe(III) . Figure 2 shows the EPR spectra of SOR Zn(II)-Fe(III) recorded at 4.2 K. This spectrum is very similar to the one obtained with both SOR Fe(III)-Fe(III) centre II and DfxC protein [7, 29] . The dominant features at g = 8.93, g = 4.76 and g = 4.30 are indicative of the presence of a ferric ion with a S = 5/2 and E/D of approximately one-third [7, 9, 10, 29] .
RESULTS
Spectroscopic characterization
Metal analysis and N-terminal sequence
The amount of iron per protein, as well as the screening of other metals in the protein, was analysed by induction-coupled plasma emission (Lab. de Análises, Dept. Química, CQFB/REQUIMTE, FCT/UNL). The analysis performed pointed to a 1:1 ratio (Zn and Fe atoms), and also did not reveal the presence of any other metal ions.
The protein was also subjected to sequential Edman degradation on an automatic protein sequencer (Applied Biosystem model LC491) and the N-terminal sequence of the first amino acid residues was determined. This ensured that the recombinant protein did not suffer an unexpected mutation/deletion in one or more centre I amino acid ligand. The analysis indicated that the first 21 amino acids had 100 % identity when compared with the sequence predicted by the gene analysis.
Direct electron-transfer measurements
Direct electron transfer between reduced rubredoxin and the half-reduced form SOR Fe(III)-Fe(II) was measured. The stopped-flow experiments were performed in a 1:1 ratio for the two proteins and monitored at 500 nm in order to follow the rubredoxin oxidation rate (see the Experimental section for further details). The kinetic traces were best fitted with a second-order kinetic rate constant with a k of (2.8 + − 0.4) × 10 7 M −1 · s −1 , which corresponds to the electron-transfer rate constant from rubredoxin to SOR Fe(III)-Fe(II) centre I. The same experimental procedure was applied for the assay between reduced rubredoxin and the fully oxidized form SOR Fe(III)-Fe(III) . In this case, the experiment was monitored at both 500 and 650 nm, near the absorption maxima of both oxidized rubredoxin and SOR Fe(III)-Fe(III) centre II respectively. The second-order rate constants calculated for both wavelengths were (4.3 + − 1.9) × 10 6 M −1 · s −1 and (1.9 + − 0.5) × 10 6 M −1 · s −1 , for 500 and 650 nm respectively (Table 1) . These values were considered identical within the experimental error. These values are also close to the values published for the electron transfer between rubredoxin-1 and -2, and centre II of class I SOR from A. fulgidus (1.9 × 10 6 M −1 · s −1 and 2.4 × 10 6 M −1 · s −1 respectively) [14] , and for the reduction of centre II of the SOR mutant C13S from D. vulgaris Hildenborough, 1.2 × 10 6 M −1 · s −1 [27] . In contrast, when Neelaredoxin (class II SOR) from A. fulgidus is reduced by ribredoxin-1 and -2, the authors report two second-order rate constants of 1 × 10 7 M −1 · s −1 and 6 × 10 7 M −1 · s −1 respectively [26] .
Nevertheless, in this case, and as described for the reduction of oxidized SOR from A. fulgidus [14] , the absorbance measured at 500 nm, at the end of the experiment and considering the concentration of both proteins after mixing, was due to the contribution of both oxidized rubredoxin and SOR Fe(III)-Fe(II) , which was obtained after the one electron reduction. Two possibilities arise from this observation: (i) electrons are donated by rubredoxin to centre I and then, by a fast intramolecular electron-transfer process, will reduce centre II which gives rise to an oxidized centre I at the end of the experiment, or (ii) rubredoxin donated electrons directly to centre II, keeping centre I in the oxidized form, as has been proposed previously [14] .
However, this observation brings to the fore the question about the exact location of where electron transfer occurs, or even if there is some type of intramolecular electron transfer. To further understand the electron-transfer process, a similar experiment was performed, but with a 2:1 rubredoxin/SOR Fe(III)-Fe(III) ratio.
The calculated second-order rate constant values were (1.3 + − 0.2) × 10 6 M −1 · s −1 and (1.7 + − 0.3) × 10 6 M −1 · s −1 at 500 nm and 650 nm respectively. In this case, the fully oxidized form of rubredoxin is achieved with the concomitant conversion of SOR into the reduced form, meaning that complete SOR reduction is possible within a stopped-flow time scale when enough electrons are provided. The similarity of these two values is the first evidence of a possible intramolecular electron transfer, since a biphasic behaviour would be expected at 500 nm if rubredoxin was able to donate electrons independently to centre I or centre II, considering the 10-fold difference between the obtained values in the previous experiments for reduction of centre I in SOR Fe(III)-Fe(II) and centre II in SOR Fe(III)-Fe(III) . The absence of this biphasic behaviour supports the idea that when both SOR centres are oxidized, the electrons follow a pathway that goes through centre I to centre II.
To calculate the electron-transfer rate constant of the isolated centre II, the same experiments were repeated, but this time mixing reduced rubredoxin with oxidized SOR Zn(II)-Fe(III) in a 1:1 ratio between the two proteins. As a result, the calculated values at both wavelengths were (3.2 + − 1.5) × 10 6 M −1 · s −1 and (2.9 + − 0.4) × 10 6 M −1 · s −1 for 500 nm and 650 nm respectively. Again, these values can be considered similar within the experimental error, and they are also similar to the ones obtained for SOR Fe(III)-Fe(III) (Figure 3 ). This experiment proves that reduced rubredoxin is able to reduce centre II of SOR, but at a lower rate constant than centre I of the same protein.
Electron-transfer measurements in the presence of superoxide anion
Superoxide reductase activity
A superoxide-mediated electron-transfer assay was performed in a way similar to that previously published by Auchère et al. [31] (see the Experimental section for further details). In this experiment the initial reaction rate was used to differentiate the reaction constants obtained when different forms of SOR are used. As was previously described by Auchère et al. [31] , the results show that, also in the superoxide-mediated electron-transfer process, a higher rubredoxin oxidation rate is obtained when the SOR Fe(III)-Fe(II) form is used (12.34 + − 0.08 min −1 ), whereas the reaction rates calculated when SOR Fe(III)-Fe(III) and SOR Zn(II)-Fe(III) were used are 9.72 + − 0.06 min −1 and 8.98 + − 0.04 min −1 respectively (Figure 4 ). Despite the differences in the assays, as well as their different purpose, these observations point out the same trend as the results obtained for direct electron-transfer experiments. Thus it is possible to speculate that SOR Fe(III)-Fe(II) is not only able to receive electrons faster than the other forms, but also it is catalytically more efficient. This effect could be related to the reduced state of centre II in the beginning of the reaction. To test this observation, a new experiment was performed using both SOR Fe(II)-Fe(II) and SOR Zn(II)-Fe(II) forms. In this case, the calculated rate constants were comparable with each other (11.79 + − 0.86 min −1 and 12.12 + − 0.73 min −1 for SOR Fe(II)-Fe(II) and SOR Zn(II)-Fe(II) respectively), and with the SOR Fe(III)-Fe(II) form. A summary of all of the values obtained is shown in Table 2 .
The results of this last experiment suggest that when the catalytic reaction is assayed starting with centre II in the reduced state, the presence of centre I is not relevant for catalysis. The smaller reaction rate constants observed for the SOR Fe(III)-Fe(III) and oxidized SOR Zn(II)-Fe(III) forms are in accordance with this observation, since in both cases centre II has to be reduced prior to the reaction with superoxide radical, leading to a slower initial reaction rate.
Electrochemical measurements
The electrochemical features of the D. gigas desulforedoxin, D. vulgaris Hildenborough rubredoxin, and native and modified forms of SOR proteins were observed by cyclic-and SW (squarewave) voltammetry. Both desulforedoxin and rubredoxin present well-defined current peaks, in quasi-reversible behaviour, due to a one electron transfer at the redox centre [Fe(S-Cys) 4 ] 3 + /[Fe(S-Cys) 4 ] 2 + . Figure 5 shows the typical behaviour of these two proteins at 288.15 K. The calculated values for the formal redox potential of these centres were −27 + − 2 and + 39 + − 2 mV for desulforedoxin and rubredoxin respectively. The value calculated for rubredoxin is in agreement with previous published results obtained on graphite microelectrodes [36] .
The electrochemical pattern observed for 2Fe-SOR is not so straightforward. Although there are structural similarities found between centre I of this protein and both desulforedoxin and rubredoxin centres, its redox behaviour is more complex. In fact, different features are observed with slow and fast scan rates. Typically, in the range 10-20 mV/s or higher scan rates, two very close redox processes are visible, although with low definition. At lower scan rates, only one redox process is observed, with the anodic and cathodic peaks possessing a large peak width, leading to the conclusion that redox processes become merged and are better seen at higher scan rate potentials. Also, with the temperature increase, the merging of the processes is also observed at increasingly higher scan rates. A typical example of this different behaviour at low temperature (278.15 K) and a better view of the merging of the two peaks at higher temperature (298.15 K) is shown in Figure 6 . The proximity of the potential values at which these two apparent redox processes are observed and the merging with the change in the applied potential scan rate and temperature, seems to suggest that both processes are due to centre I, corresponding to a single electron-transfer process. An estimation of the number of electrons involved through the current peak width at half height also points to this hypothesis. One possible explanation of this phenomenon is associated with different heterogeneous electron-transfer constants for the same process. This has already been reported by other authors, although in different systems and conditions [37] . In fact, superficial charge calculations performed with Accelrys DS Visualizer version 2.0.1.7347 (Accelrys Software) shows that 2Fe-SOR does not have a preferential positive or negative superficial electrostatic charge, in contrast with what is observed for desulforedoxin and rubredoxin proteins (see Figure 7) . This may result in a non-preferential protein orientation towards the electrode surface, even with the addition of a positive-charged promoter, which may originate different electronic pathways to the redox centre and different heterogeneous electronictransfer constants, producing two apparent redox processes. Partial adsorption of the biomolecules could also contribute to this hypothesis of apparent dispersion of heterogeneous constant rates. However, the control experiments, performed following the assays at the same conditions, after the electrode was washed in Millipore ® water and then immersed in the same electrolyte solution, without protein, have shown no apparent adsorption.
Another hypothesis is related to the electrochemical mechanism of the 2Fe-SOR reduction. These two apparent redox processes can occur from two different electron-transfer pathways in the SOR reduction, including an intramolecular step, with one electron transfer from centre I to centre II. This explanation is in agreement with centre II data, from both 2Fe-SOR and Zn/Fe-SOR proteins, observed by fast electrochemical techniques and will be discussed in more detail later.
The formal potential of the three proteins, desulforedoxin, 2Fe-SOR and rubredoxin, was estimated in the range from 278.15 to 290.15 K in order to establish its temperature-dependence ( Figure 8 ). Both desulforedoxin and rubredoxin presented lower slopes and considerably lower associated errors than 2Fe-SOR. The values used to evaluate the 2Fe-SOR formal redox potential of centre I were taken from the assays where the two processes were merged, resulting in E 0 = + 32 + − 11 mV for 288.15 K. This explains the larger dispersion of the values and so the larger error associated with this protein on E 0 compared with the associated errors resulting from desulforedoxin and rubredoxin. Also, the 2Fe-SOR centre I redox potential value is in agreement with the results obtained for the recombinant DfxN published previously [29] .
The Gibbs free energy of the electron-transfer reaction can be estimated from the dependence of the redox potential of the centres on the temperature, and can be related to redox state conformational changes, among other factors, such as the bonding interaction at the metallic centres [38] . As the three proteins under study have the same type of metallic centres, the differences on the variations of the free energy, G 0 , are assumed to be mainly related to conformational changes (that occur with the redox state change) and will be analysed without discrimination of the different components of the Gibbs energy.
The estimated G 0 values of the three proteins, taken from the slopes of the E 0 against T plot, were, for desulforedoxin, rubredoxin and 2Fe-SOR, 1.66, 2.41 and 5.25 kJ · mol −1 respectively. From these values, and taking into account previous assumptions, it could be inferred that 2Fe-SOR is the one protein where more pronounced conformational changes occur. The electrochemical behaviour of Zn/Fe-SOR was studied by cyclic voltammetry and its behaviour compared with 2Fe-SOR. The results are shown in Figure 9 . As shown, the Zn/Fe-SOR centre I is redox inactive, which proves that zinc has been successfully incorporated into the protein, but also that the redox signal observed close to 0 V compared with NHE (normal hydrogen electrode) in 2Fe-SOR can be definitely indexed to centre I, and is also in agreement with the DfxN behaviour previously published [29] . Moreover, the electrochemical results are in agreement with those previously described which show that the Zn/Fe-SOR sample is homogeneous. DP (differential pulse) and SW voltammetry were used to test the behaviour of 2Fe-SOR, starting from different potential values, corresponding to the initial protein oxidation states and same window of observation. The aim was to observe the existence Zn/Fe-SOR. The SW voltammetry technique revealed better results in the anodic scanning direction than DP voltammetry, allowing better comparison between the potential values obtained in each scanning direction. The results have shown some differences in the centre I current peak positions, depending of the potential scanning direction. From the results, the E o of 2Fe-SOR centre I was estimated to be −25 mV and + 79 mV compared with NHE, when the potential scan was started at the cathodic and anodic direction respectively, which corresponds to the oxidized and reduced initial states of the protein (see Figure 10 and Supplementary Figure S1 at http://www.BiochemJ.org/bj/438/bj4380485add.htm). This may be indicative of centre I conformational changes between the reduced and oxidized states, and, consequently, to the difference in the observed redox potential [33, 39] .
In addition, using SW voltammetry it was possible, for the first time, to observe the redox signal of 2Fe-SOR centre II. Figure 10 shows the comparison between 2Fe-SOR and Zn/Fe-SOR scanned in the anodic direction. Three signals observed in the 2Fe-SOR SW voltammograms were considered to be significant. Two of these signals were assigned as corresponding to centres I and II respectively, based on CV results for centre I on both forms as shown in the Figure 9 . For Zn/Fe-SOR only one signal is observed, which must correspond to centre II. It should be emphasized that, unlike centre I which presents a stable signal with time, it is only possible to detect centre II in the first scan and in the anodic direction. It seems that this centre suffers an irreversible change after the potential sweep, and it is always necessary to use a fresh preparation on the electrode to be able to observe this second process. The estimated values of the E o for 2Fe-SOR and Zn/Fe-SOR centre II are + 255 mV and + 167 mV respectively. Previously published work with DfxC [29] , also pointed to a signal due to centre II of 247 mV which is in agreement with the results of the present study with all proteins.
The third current peak observed in the potential range between processes I and II in 2Fe-SOR could result from the differences in the dispersion of the electron-transfer rate constants, as discussed above for 2Fe-SOR. However, in the present study, both 2Fe-SOR and Zn/FeSOR are being scanned in the same potential region, using the same technique and experimental conditions. If the dispersion of the electron constant rate, due to the protein surface charge, is the cause of the signal observed, this should also be visible in the Zn/FeSOR data. Such a phenomenon reinforces the hypothesis of an intramolecular electron transfer between centre I and II.
The electrochemical mechanism, in accordance with these data, implies not only the direct electron transfer between 2Fe-SOR and the electrode, but also an intramolecular electron transfer. [A first electron transfer to/from the protein, direct to centre I, promotes the conversion between redox states, for example, SOR Fe(III)-Fe(III) into SOR Fe(II)-Fe(III) , and a subsequent second direct electron transfer (to centre II) leads to the conversion between SOR Fe(II)-Fe(III) and SOR Fe(II)-Fe(II) ]. From the data, the electronic pathway must involve a first direct electrode electron transfer with the protein to centre I, promoting a transient SOR Fe(II)-Fe(III) state, followed by a partial intramolecular electron transfer between centre I and centre II, leading to a mixture of SOR Fe(II)-Fe(III) and SOR Fe(III)-Fe(II) states. A second electron reduction can occur directly either to centre I or to centre II. However, the SOR Fe(III)-Fe(II) state will probably need a lower driving force to be interconverted into SOR Fe(II)-Fe(II) . This would cause a split in the centre II peak, observed in Figure 10 , and the appearance of a 'pre-peak', corresponding to the redox state SOR Fe(II)-Fe(II) of the protein resulting from the intramolecular electron transfer. The continuous potential increase, by the direct electron transfer to the protein, directly to centre II, will also result in the SOR Fe(II)-Fe(II) state, whereas the remaining molecular population is still in the SOR Fe(II)-Fe(III) redox state. Figure 11 shows a schematic representation to simplify the hypothesis described, comparing the electronic pathways in 2Fe-SOR.
Pathway 1 is observed in 2Fe-SOR data, corresponding respectively to the current peaks named in Figure 10 as centre I, 'pre-peak' of centre II and centre II, where the 'pre-peak' is indeed the result of the reduction of the SOR Fe(II)-Fe(III) redox state resulting from the previous intramolecular electron transfer (a small, more positive, current peak in the 2Fe-SOR scan is also visible, but this should correspond to some amino acid oxidation or some oxide formation and it is believed not to be related to the metal centre of the protein). Pathway 2 is a simulation of a second reduction directly to centre II, which is similar to the case of Zn/Fe-SOR electron transfer (in Figure 10 , referred to as II) from the electrode to the protein centre II. In this case, as Zn(II) is electrochemically inactive, at the experimental potential window, centre I is not able to participate in any intramolecular electron transfer; therefore, with Zn/Fe-SOR, only one current peak is visible.
Figure 11 Proposed mechanisms for the electron-transfer pathway between 2Fe-SOR and rubredoxin
Proposed mechanisms for the electron-transfer pathway between 2Fe-SOR and its physiological redox partner, rubredoxin. Pathway 1 involves an intramolecular electron transfer from centre I to centre II and then the entrance, to centre I of a second electron, resulting in a fully reduced SOR. Pathway II involves a second electron transfer directly to centre II, resulting in a fully reduced SOR. Common to both pathways is the first electron transfer that occurs in centre I.
DISCUSSION
The new Zn/Fe-SOR form revealed some spectroscopic features similar to class II and III SORs, such as the UV-visible and EPR spectra. On the other hand, primary structure analysis proved that this protein was identical with the native D. vulgaris Hildenborough SOR.
The experiments performed focusing on the direct electron transfer between rubredoxin and the three different forms of SOR [SOR Fe(III)-Fe(II) , SOR Fe(III)-Fe(III) and SOR Zn(II)-Fe(III) ] revealed the existence of electron-transfer processes. The kinetic rate constants calculated for both SOR Fe(III)-Fe(III) and Zn/Fe-SOR forms were comparable with previously published data, but a 10-fold increase was observed in the SOR Fe(III)-Fe(II) form, suggesting an easier reduction of centre I [14, 26, 27, 40, 41] . In a first approach, this could mean that the preferential electron-transfer pathway from rubredoxin to SOR is through centre I.
Nevertheless, the kinetic evidence obtained in the present study could also point to a direct electron transfer to centre II. This was supported by the similarity of the rate constant values found for the SOR Fe(III)-Fe(III) form at 500 nm (oxidation of rubredoxin) and 650 nm (reduction of centre II of SOR), which were themselves similar to the calculated values for the Zn/Fe-SOR form (where centre I is not redox active).
An explanation for this apparent inconsistency can be found in the electrochemical data that strongly suggests the existence of two different pathways for the electron-transfer processes in 2Fe-SOR. In such a case, one exclusively due to the direct electron transfer between the electrode and the protein, and a second one that can only be explained by an intramolecular electron transfer from centre I to centre II (which, as expected, is missing in the Zn/Fe-SOR form). Also, the electrochemical behaviour points to probable conformational changes in the protein, possibly triggered by redox changes in centre II.
This type of long-range [22 Å (1 Å = 0.1 nm)] intramolecular electron transfer, coupled to conformational change, is not unique in Nature, being found in other examples such as CcO (cytochrome c oxidase) [42, 43] .
One should also consider the fact that in the superoxidemediated electron-transfer assay, values of k for forms with centre II reduced [SOR Fe(III)-Fe(II) , SOR Fe(II)-Fe(II) and SOR Zn(II)-Fe(II) ] are of the same magnitude and significantly higher than k values estimated for forms with an oxidized centre II [SOR Fe(III)-Fe(III) and SOR Zn(II)-Fe(III) ]. So, an enzyme with a reduced centre II will have higher turnover rates, also being more able to stay in that state due to the possibility of an intramolecular electron transfer and to the enhanced rate of reduction of centre I. It is then possible to hypothesize that, when active, intracellular concentrations of SOR Fe(III)-Fe(III) forms are negligible and that the enzyme is kept either in a 'ready' SOR Fe(III)-Fe(II) state or in a fully reduced form, SOR Fe(II)-Fe(II) . Therefore the existence of centre I can be seen as a structural advantage to the enzyme, enabling it to be more efficient in the metabolic pathway and helping the cell to keep a pool of 'ready' enzyme for catalysis [19] .
The enzymes in question were isolated from microaerophilic Desulfovibrio species where an effective defence mechanism against ROS is essential for survival, and as such one would expect the enzyme to be adapted to the highest possible turnover rates.
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